In this article we discuss the following: (1) acellular vaccines are immunogenic, but responses vary by vaccine; (2) pertussis antibody levels rapidly wane but promptly increase after vaccination; (3) whole-cell vaccines vary in immunogenicity and efficacy; (4) whole-cell vaccines and naturally occurring pertussis generate predominantly Thelper 1 (Th1) responses, whereas acellular vaccines generate mixed Th1/Th2 responses; (5) active transplacental transport of pertussis antibody is documented; (6) neonatal immunization with diphtheria toxoid, tetanus toxoid, and acellular pertussis vaccine has been associated with some suppression of pertussis antibody, but suppression has been seen less often with acellular vaccines; (7) memory B cells persist in both acellular vaccine-and whole cell vaccine-primed children; and (8) in acellular vaccine-primed children, T-cell responses remain elevated and do not increase with vaccine boosters, whereas in whole-cell vaccine-primed children, these responses can be increased by vaccine boosting and natural exposure. Despite these findings, challenges remain in understanding the immune response to pertussis vaccines.
With the development and testing of new acellular pertussis vaccines in the 1990s, assays to measure the humoral immune responses to the new vaccines were established [1, 2] . Scientists working at the Food and Drug Administration and in academia compared the performance of enzyme-linked immunosorbent assays (ELISAs) in the measurement of humoral responses to pertussis toxin (PT), filamentous hemagglutinin (FHA), pertactin (PRN), and fimbrae (FIM) after administration of the acellular and whole-cell pertussis vaccine candidates in the National Institutes of Health (NIH)-funded Multicenter Acellular Pertussis Trial (MAPT). The ELISA results were reproducible and stable over time, and the assays could be performed in other laboratories with a high degree of reproducibility [3] . As shown in Figure 1 , the reverse cumulative distribution curves for the PT antibody response after receipt of the 13 acellular and one of the whole-cell vaccines in MAPT are plotted, with the highest PT antibody response noted with the genetically detoxified PT [1] . Table 1 demonstrates the humoral responses to all of the pertussis vaccine antigens measured in the MAPT study and again shows the variability among the responses, with the whole-cell vaccines generally stimulating antibody levels somewhere in the middle of those seen with the acellular vaccines [4] . The acellular vaccines differed from the whole-cell vaccine with respect to antigen content and quantity, production methods, and adjuvant content, which contributed to differences in the immune responses noted.
After the MAPT trial, several vaccines were selected for inclusion in 2 NIH-funded vaccine-efficacy trials, one in Sweden and the other in Italy [5, 6] , as summarized in a previous report [7] . Unfortunately, neither of the whole-cell vaccines studied in the MAPT trial was included in these efficacy trials. Instead, a whole-cell vaccine produced by Connaught Laboratories, DTwP, was included in both efficacy trials. Review of the serologic data obtained from the efficacy studies demonstrated that the immunoglobulin G (IgG) PT levels detected by ELISA and the PT-neutralizing antibody responses to the Connaught DTwP vaccine were significantly less than the responses seen with the 2 DTaP (diphtheria toxoid, tetanus toxoid, and acellular pertussis) vaccines included in the efficacy trials [8] (Table 2) .
As the children enrolled in the MAPT trial reached the age for their fourth and fifth doses of the DTaP or DTwP vaccines, they were enrolled in comparative studies of the whole-cell and acellular vaccines combined with diphtheria and tetanus toxoids [9, 10] . The DTaP vaccines were associated with fewer adverse events than the DTwP vaccine, and most DTaP vaccines stimulated comparable or higher serum antibody responses than the DTwP vaccine. Serum antibody concentrations before boosting were lower than those obtained 1 month after the primary and initial booster immunizations. After the fourth and fifth doses, significant increases in antibodies directed against the included antigens were observed for all vaccines.
Although humoral immune responses to pertussis vaccines were well characterized during that period, few studies of cellmediated immunity were conducted. Italian investigators conducted cell-mediated immunity studies during the efficacy trials in infants, using lymphoproliferative assays. Both of the DTaP vaccines were better inducers of cell-mediated immune responses than the DTwP vaccine, particularly against PT, and the cell-mediated immune responses persisted, in contrast to the rapid decline in antibody levels [11] . Cytokine profiles were also examined. DTaP vaccines induced both a type 1 and type 2 cytokine profile, while the DTwP vaccine induced predominantly a type 1 pattern [12] . Both the acellular pertussis and whole-cell pertussis vaccines also induce a T-helper 17 (Th17) response [13] . Recently reported studies from the Netherlands also demonstrate that persistent T-cell responses to pertussis antigens are seen 3 years after booster DTaP vaccination at 11 months of age and that enhanced immunoglobulin E (IgE) and IgG4 responses to pertussis antigens are also noted after preschool booster vaccination at 4 years [14] . These IgE and IgG4 responses might be associated with the local side effects found after this booster. After naturally occurring Bordetella pertussis infection in children, T cells produced interferon γ but a low or undetectable level of interleukin 5, suggesting that Th1 cells were primarily seen after B. pertussis infection [15] .
Between July 1997 and December 1998, a double-blind, randomized NIH-funded clinical trial in adolescents and adults 15-65 years of age was conducted at 8 study sites in the United States to evaluate the reactogenicity, immunogenicity, and protective efficacy of the acellular pertussis vaccine [16] . A total of 2781 individuals were enrolled in the study, with 200 each providing 5 serum samples over an 18-month period. On the basis of laboratory-confirmed pertussis with cough, vaccine efficacy was 92% (95% confidence interval, 32%-99%). The antibody titers to each of the pertussis antigens declined rapidly over this Figure 1 . Reverse cumulative distribution curves, by vaccine, for antibody to pertussis toxin (PT). Each curve plots the proportion of vaccinees (ordinate) whose postimmunization concentration equals or exceeds the concentration shown on the abscissa. If a vaccine produced precisely the same results in each vaccinee, the curve would form a rectangle perpendicular to the ordinate at 100%, then straight down to the abscissa at the achieved antibody concentration. The key indicates that the whole-cell vaccine is denoted by B and the remainder of the vaccines are acellular vaccines [4] . period, with a remarkable decline in the PT antibody responses [17] . Others have reported similar marked declines in pertussis antibody titers in immunized adolescents and adults [18] .
During a suspected pertussis outbreak at an academic medical center, adults received a single dose of Tdap (tetanus toxoid and reduced-dose diphtheria toxoid and acellular pertussis vaccine), and the kinetics of the IgG antibody responses to pertussis antigens were measured. By as early as 2 weeks after vaccination, 88%-94% of the adults demonstrated a booster response to each of the included antigens, supporting a role for Tdap in pertussis outbreak control [19] .
Antibodies to PT and FHA readily cross the placenta and are found in infant sera in concentrations comparable to or higher than those in maternal sera, with a half-life of about 6 weeks [20, 21] . However, low maternal pertussis antibody levels in the absence of adolescent-adult pertussis booster vaccination, and the rapid decay of maternally derived antibodies in infant sera, leave infants with little humoral antibody protection against pertussis [22] . Active pertussis vaccination of pregnant women during the third trimester was studied in the early 20th century, with few adverse events and elevated antibody titers in both mother and infant [23, 24] . However, high preexisting pertussis antibody levels in infants suppressed the immune responses to DTwP vaccines and led to the rejection of maternal immunization. In contrast, ecological studies of antibody responses to acellular pertussis vaccines in infants with high versus those with low maternal antibody titers have not shown this suppression.
However, the high maternal antibody levels in these studies were materially lower than would be expected after maternal Tdap during pregnancy [20, 25] . The Advisory Committee on Immunization Practices recently recommended the immunization of all pregnant women with each pregnancy [26] .
Several studies have been conducted to assess the safety and immunogenicity of administering acellular pertussis vaccines to neonates at birth or within the first few weeks of life. Belloni et al administered a 3-component acellular pertussis vaccine to 45 infants at birth and at 3, 5, and 11 months of age (group 1) and compared their responses to those of 46 infants who were immunized at ages 3, 5, and 11 months (group 2) [27] . At ages 5 and 6 months, the geometric mean titers of anti-FHA and anti-PRN were significantly greater in group 1 (which had received 2 doses) than in group 2 (which had received 1 dose). At 12 month, the PT titers were significantly lower in group 1, suggesting that there was suppression of the immune response to PT with the birth dose. In another study of neonatal immunization, 50 infants 2-14 days of age were randomly assigned to receive either DTaP and hepatitis B vaccines (experimental group) or hepatitis B vaccine alone (control group) at birth [28] . At 2, 4, 6, and 17 months of age, DTaP and routine vaccines were administered to both groups. Infants in the experimental group demonstrated lower geometric mean antibody concentrations for diphtheria toxoid at 7 months of age and significantly lower geometric mean antibody concentrations for PT and PRN at 6, 7, and 18 months of age; for FIM at 6, 7, 17, and 18 months of age; and for FHA at 18 months of age. These data suggested that the administration of an additional dose of DTaP at birth was safe but was associated with a significantly lower response to diphtheria toxoid and to 3 of 4 pertussis antigens. A third study, using only acellular pertussis vaccine without diphtheria and tetanus toxoids, was conducted in Germany [29] . Neonates (n = 121) were randomly assigned (1:1) to receive either acellular pertussis vaccine or hepatitis B vaccine (controls) at birth, followed by receipt of DTaP, hepatitis B vaccine, inactivated polio vaccine, and Haemophilus influenzae type B vaccine at 2, 4, and 6 months of age. At 3 months of age, vaccination with acellular pertussis vaccine at birth had induced significantly higher antibody responses to the 3 pertussis antigens, but at 7 months, antibody titers were similar in both groups. However, antibody concentrations to H. influenzae type B and hepatitis B virus were significantly lower in the acellular pertussis vaccine group. Finally, Wood et al in Australia randomly assigned 76 newborns at birth to 3 groups: acellular pertussis vaccine at birth and 1 month, acellular pertussis vaccine at birth, and no additional vaccine (control) [30] . All infants received the other vaccines at the recommended times. By 2 months of age, 88% of 2-dose recipients had detectable IgG PT, compared with 43% who received a birth dose only and 15% of controls. Although neonatal vaccination elicited earlier IgG responses, T-cell memory responses displayed a strong Th2 bias, with high interleukin 5 and interleukin 13 production [31] . Additional studies are ongoing in Australia to assess the safety, immunogenicity, and effectiveness of neonatal acellular pertussis vaccination. In the Netherlands, the coverage rate with the DTwP vaccine at 3, 4, 5, and 11 months of age was >96% for decades. But despite these vaccination rates, rises in the incidence of B. pertussis infection were seen every 2-3 years, starting in 1996. On the basis of IgG PT seroprevalence data among individuals >9 years of age, the incidence of pertussis was estimated to be 4.0% per year during 1995-1996 and increased to 9.3% in 2006-2007 [32] . After an attempt to improve the whole-cell vaccine and to accelerate the primary vaccination schedule to 2, 3, and 4 months of age, in 2001 a DTaP vaccine for preschool-aged children was recommended, and in 2005, the DTwP vaccine was replaced by the DTaP vaccine. Despite these changes, the incidence of pertussis continued to increase, stimulating research on humoral and cellular immune responses to pertussis vaccines. Before and after the preschool booster, significantly higher IgG levels to PT, FHA, and PRN were found in acellular vaccine-primed children, compared with whole-cell vaccineprimed children [33] . The effect of priming with either acellular or whole-cell vaccines on pertussis-specific memory B-cell responses before and after a booster vaccination at 4 years of age [34] was studied. After a DTaP booster, higher memory B-cell responses were demonstrated in acellular vaccine-primed children, compared with whole-cell vaccine-primed children. In addition, long-term pertussis-specific memory B-cell responses in children who were primed in infancy with whole-cell vaccine were also documented [35, 36] . The T-cell responses in children 4 years of age were found to be still elevated 3 years after acellular vaccine priming, and they did not increase after booster vaccination; in contrast, the T-cell responses in whole-cell vaccine-primed children increased after the acellular vaccine booster. Finally, after receipt of a second acellular vaccine booster in Dutch whole-cell vaccine-primed children at 9 years of age, 5 years after a preschool booster vaccination [37] , increased pertussis-specific Th1 and Th2 cytokine responses were demonstrated. However, almost all T-cell responses had already increased with age, suggesting natural boosting due to pertussis outbreaks and the resulting high circulation of the bacterium (Figure 2 ) [38] . Although there are no agreed upon correlates of protection for pertussis, we have presented the antibody levels and cellular immunity data as a basis on which additional studies can build. In summary, (1) acellular vaccines are immunogenic, but responses vary by vaccine (2) pertussis antibody levels rapidly wane, but promptly increase after vaccination; (3) whole-cell vaccines vary in immunogenicity and efficacy, (4) whole-cell vaccines and naturally acquired pertussis generate predominantly Th1 responses, whereas acellular vaccines generate mixed Th1/Th2 responses; (5) active transplacental transport of pertussis antibody is documented; (6) neonatal immunization with DTaP has been associated with some suppression of pertussis antibody, but this has been seen less often with acellular vaccines; (7) memory B cells have been found to persist in both acellular vaccine-and Dutch whole-cell vaccine-primed children; (8) in acellular vaccine-primed children, T-cell responses remain elevated and do not increase with acellular vaccine boosters, whereas in whole-cell vaccine-primed children, these responses are increased by acellular vaccine boosters and exposure to natural infection. This suggests that priming in the first months of life is defining the nature and level of the immune response to an acellular booster vaccine later in life.
Despite these findings, a number of challenges remain in understanding the immune response to pertussis vaccines. (1) What are the factors that stimulate very different immune responses to whole-cell pertussis and acellular pertussis? (2) What immunologic studies could be used to compare responses to acellular vaccine and whole-cell vaccine with the goal of understanding protective responses? (3) What are the implications of the different immune responses to the acellular and wholecell vaccines? (4) How can this information be used to design better vaccines? It is hoped that over the next several years advances in immunology and systems biology can be used to address these important questions. (IFN-γ) -producing cells were subsequently determined. Children 9 years of age were studied longitudinally beginning 1 month (closed circles) and 1 year (dark filled circles in the 1 year column) after receipt a second acellular pertussis booster vaccine (n = 20), and children 4 years of age were studied cross-sectionally 1 month after receipt of the first acellular pertussis booster vaccine (filled triangles; n = 11). Horizontal lines represent geometric means of IFN-γ-producing cells per 100 000 stimulated PBMCs. The asterisk indicates a significant difference between groups [38] .
